The ligninolytic system of the basidiomycete Ceriporiopsis subvermispora is composed of manganese peroxidase (MnP) and laccase. In this work, the source of extracellular hydrogen peroxide required for MnP activity was investigated. Our attention was focused on the possibility that hydrogen peroxide might be generated by MnP itself through the oxidation of organic acids secreted by the fungus. Both oxalate and glyoxylate were found in the extracellular fluid of C. subvermispora cultures grown in chemically defined media, where MnP is also secreted. The in vivo oxidation of oxalate was measured; 14 CO 2 evolution was monitored after addition of exogenous [
White rot fungi are the most efficient ligninolytic microorganisms in nature. They bring about lignin decay through an oxidative process that is thought to involve enzymes such as lignin peroxidase (LiP), manganese-dependent peroxidase (MnP), and laccase, all of which have broad substrate specificities (22) . LiP attacks both phenolic and nonphenolic aromatic residues, and the latter give rise to cation radicals that fragment spontaneously (17) . MnP catalyzes the oxidation of Mn(II) to Mn(III), which in turn can oxidize phenolic substrates (10) . Laccase abstracts one electron from phenolic compounds, although in the presence of primary substrates it can also oxidize nonphenolic aromatic compounds as well as Mn(II) (3, 7) . Both LiP and MnP are able to depolymerize synthetic lignin in vitro (13, 38) .
Due to the participation of peroxidases in lignin breakdown, the extracellular production of hydrogen peroxide by white rot fungi is essential to the process. Several oxidases have been proposed to be enzymes which accomplish this task; these oxidases include, among others, pyranose oxidase (9), methanol oxidase (28) , aryl alcohol oxidase (11) , and glyoxal oxidase (GLOX) (18, 19) . The fact that GLOX is secreted by Phanerochaete chrysosporium and is activated by LiP and its corresponding aromatic substrate (26) strongly suggests that GLOX plays a key role in regulation as well as production of extracellular hydrogen peroxide by Phanerochaete chrysosporium, the most-studied ligninolytic basidiomycete.
In recent years we have studied the ligninolytic system of another basidiomycete, Ceriporiopsis subvermispora, which is characterized by its selective decay of lignin when it is grown on wood (1). C. subvermispora secretes several isoenzymes of MnP and laccase, and the isoelectric points of these isoenzymes vary with the composition of the growth medium (27, 33) . The strategy of this organism for dealing with the catabolism of nonphenolic lignin structures could involve MnP-mediated peroxidation of lipids (4) . In addition to lacking LiP, C. subvermispora also differs from Phanerochaete chrysosporium in that it does not produce GLOX (31) , which raises uncertainty concerning the mechanism utilized by this fungus to produce hydrogen peroxide.
Our preliminary work failed to reveal the presence of H 2 O 2 -generating oxidase activities in the extracellular fluid of C. subvermispora cultures when substrates reported to work with other fungal oxidases were used. We therefore explored the prospect that hydrogen peroxide could arise from reactions involving free radicals derived from the oxidation of organic acids by MnP. It is known that white rot fungi secrete acids (8) , and the decomposition of these acids by MnP has been documented. Indeed, it has recently been reported that the formate radical and superoxide are detected in reaction mixtures containing oxalate, Mn(II), and MnP from Phanerochaete chrysosporium (20, 24) . Mn(II) oxidation by superoxide gives rise to hydrogen peroxide and Mn(III) (2) , which can further accelerate MnP-catalyzed reactions. Thus, oxalate can support phenol red oxidation by MnP in the absence of exogenous H 2 O 2 and in the presence of dioxygen (24) . A similar oxidative mechanism has been described for glyoxylate (25) .
Here we report the identification of both glyoxylate and oxalate in cultures of C. subvermispora and provide evidence suggesting that the oxidation of these compounds by MnP may provide a physiological source of extracellular hydrogen peroxide for this fungus.
RESULTS
Search for an extracellular H 2 O 2 -generating oxidase activity. The presence of laccase in C. subvermispora culture fluid is problematic for the detection of peroxide in HRP-coupled assays. We therefore assayed for peroxide generation in reaction solutions after removal of protein by ultrafiltration. Aliquots of the culture fluid were withdrawn at various times during the growth period and were assayed as described above by using the following substrates: methylglyoxal, glyoxal, formaldehyde, glycolaldehyde, dihydroxyacetone, methanol, ethanol, anisyl alcohol, oxalic acid, glucose, and galactose. After repeated attempts with samples from different cultures, none of these compounds was able to promote the generation of the hydrogen peroxide required by HRP in the coupled assay.
Identification of organic acids. Glyoxylate and oxalate were identified and quantitated by HPLC of the extracellular fluids of C. subvermispora cultures grown in both the standard medium (containing 10 mM ammonium tartrate) and in lownitrogen medium (containing 1 mM ammonium tartrate). Figure 1 shows examples of HPLC profiles obtained with cultures grown in the standard medium. Glyoxylate reached its maximal concentration of 0.24 mM on day 5, whereas the concentration of oxalate was maximal on day 10, and the oxalate levels were almost 10-fold higher than the levels of glyoxylate (Fig. 2) . In cultures containing a low concentration of nitrogen, glyoxylate reached its maximal concentration of 0.025 mM on day 6, whereas the maximum oxalate concentration was 1.5 mM on days 8 and 16 . No other carboxylic acids were identified in either early or late cultures in standard salt medium.
MnP titers and mineralization of oxalate. The in vitro oxidation of both oxalate and glyoxylate that is catalyzed by MnP from Phanerochaete chrysosporium (20, 24, 25) suggested that a corresponding enzymatic activity might be responsible for the metabolism of these organic acids in vivo in C. subvermispora. To test this hypothesis, MnP titers were determined throughout the growth of C. subvermispora in standard medium with and without Mn(II) and in low-nitrogen medium (Fig. 3a) . In standard medium, the level of MnP activity increased continually up to about 1.0 U/ml on day 12. The MnP activity was lower in cultures in low-nitrogen medium and was virtually nil in cultures lacking Mn(II) (31, 34) .
[ 14 C]oxalate was added to parallel cultures, and 14 CO 2 evolution was determined as a measure of oxalate mineralization in vivo (Fig. 3b) . To facilitate interpretation of the data, the specific activity of oxalate at the time of addition was kept constant (calculations were based on the oxalate concentrations in the cultures). In standard medium cultures, the oxidation of oxalate was most active between days 4 and 10, with the maximum activity at day 6. This profile does not correspond to MnP titers (Fig. 3a) or to oxalate concentrations (Fig. 2) but, significantly, correlates better with glyoxylate concentrations (Fig. 2) . In low-nitrogen cultures, the level of mineralization of oxalate was low in early cultures, although throughout late cultures the profile roughly mirrored the MnP titers (Fig. 3a) and oxalate concentrations (Fig. 2) . In medium lacking Mn(II), the 14 CO 2 evolution from labeled oxalate was negligible. Interpretation of these results must take into consideration the fact that MnP titers were measured in a standard buffered reaction mixture and that the pH profiles for standard and low-nitrogen cultures are not the same (34) . These pH changes may have important implications for the activity of MnP in culture (see below).
In vitro oxidation of [ 14 C]oxalate and glyoxylate by MnP. Day 6 cultures grown in standard medium were of particular interest because of the dynamic changes occurring; the oxalate concentration was increasing, the glyoxylate concentration was near the maximal value and beginning to decrease, oxalate oxidation was maximal, and MnP activity was at early onset. To explore the possible connection between MnP activity and oxalate and glyoxylate metabolism in culture, in vitro experiments were performed with the approximate physiological concentrations of these organic acids in day 6 cultures (1 mM for oxalate and 0.25 mM for glyoxylate). We determined that MnP from C. subvermispora catalyzes the oxidation of both glyoxylate and oxalate in reactions requiring Mn(II) (Fig. 4) . The extent of the mineralization of oxalate was determined by measuring the evolution of 14 CO 2 from [ 14 C]oxalate, while the extent of the oxidation of glyoxylate was determined by monitoring the appearance of formate (see above). As shown in Fig. 4a , oxidation of oxalate exhibited a lag which was shortened when glyoxylate was simultaneously added to the incubation mixture. Trace amounts of exogenous hydrogen peroxide or Mn(III) acetate greatly stimulated the reaction. The level of mineralization of labeled oxalate by MnP in the absence of hydrogen peroxide decreased to about 5 to 10% when the reaction was conducted under nitrogen (see above), or in the presence of 0.5 mM glutathione or 0.5 mM nitroblue tetrazolium (data not shown). Figure 4b shows that glyoxylate is more susceptible than oxalate to oxidation by MnP. In this case, trace amounts of Mn(III) acetate, but not of hydrogen peroxide, increased the rate of the reaction, while the addition of oxalate inhibited the oxidation of glyoxylate.
Oxalate-and glyoxylate-supported phenol red oxidation by MnP. A useful assay for monitoring MnP activity employs phenol red as the substrate; the formation of oxidized phenol red is monitored at 610 nm. This assay has been used to characterize the oxidations of MnP from Phanerochaete chrysosporium with glyoxylate and oxalate (24, 25) . As shown in Fig.  5 , both organic acids support oxidation of phenol red with the MnP of C. subvermispora at physiological concentrations for the organic acids. Similar to the results in Fig. 4 , glyoxylate is more reactive than oxalate even at a fourfold-lower concentration. These reactions have an absolute requirement for Mn(II). C. subvermispora (31, 41 ; this study) and may require new detection strategies to uncover. Based on the results presented here, we propose an alternative pathway for the generation of hydrogen peroxide by C. subvermispora involving MnP, organic acids, and O 2 as a terminal electron acceptor (Fig. 6) . The evidence supporting this scheme includes: (i) the detection of two metabolites secreted by the fungus (i.e., glyoxylate and oxalate) which are known to be oxidized in vitro by MnP with the concomitant production of H 2 O 2 and Mn(III) (20, 24, 35) ; (ii) the correlation observed in cultures containing low nitrogen concentrations between MnP titers and mineralization of [ 14 C]oxalate; and (iii) the ability of the organic acids mentioned above to support oxidation of phenol red by MnP in the absence of externally added hydrogen peroxide.
DISCUSSION
Organic acids play an important role in MnP-catalyzed reactions; they both facilitate the release of Mn(III) from the active site of the enzyme (37) and stabilize this species by chelation (24, 37, 39). It is not surprising then that compounds such as oxalate (5, 8, 23, 24, 39) , malonate (39) , and glyoxylate (this study) are secreted by fungi producing MnP. The fact that only glyoxylate and oxalate were found in C. subvermispora cultures does not rule out the possibility that other metabolites may also contribute to hydrogen peroxide production. It is conceivable that the carbon source for growth and energy may influence both the identity and the concentration of organic acids secreted by the fungus.
The mineralization of oxalate in cultures provided a useful marker with which to compare other culture parameters. The lack of mineralization in cultures without Mn(II), when MnP is not produced (Fig. 3) , gave an indication that MnP could be involved in the oxidation of oxalate. However, the rate of oxalate oxidation in standard cultures (containing high concentrations of nitrogen), with Mn(II) present, decreases after day 6 when both MnP activity and oxalate concentration are still increasing. This apparent contradiction might be explained if MnP activity in cultures is inhibited by a steady increase in the pH of the medium (34). This effect is not observed in in vitro assays of MnP in which the preparations are buffered with 100 mM sodium tartrate (pH 5.0). Therefore, the apparent lack of correlation among oxalate oxidation, MnP titers, and oxalate concentration might be explained if the MnP is increasingly inactive due to pH effects in culture.
Interestingly, the parameter that correlates best with the oxidation of oxalate in standard cultures (Fig. 3b) is the concentration of glyoxylate (Fig. 2) . This is particularly relevant because glyoxylate also stimulates the oxidation of oxalate by MnP in vitro (Fig. 4) , and furthermore, glyoxylate stimulates the oxidation of phenol red at physiological levels of glyoxylate and oxalate (Fig. 5) . Another noteworthy observation is that there is a short burst of activity, before the addition of exogenous peroxide, when MnP is assayed in fresh culture samples with vanillylacetone as the substrate (data not shown). This activity is greatest between days 4 and 10 with standard cultures, a time when oxalate oxidation is most active and glyoxylate concentrations are highest.
In contrast to the results obtained with standard medium, the pH of cultures containing a low level of nitrogen (1 mM ammonium tartrate) remains stable (34) . In this medium, the level of 14 CO 2 evolution from [ 14 C]oxalate was initially lower than that in standard cultures (Fig. 3b) , as might be expected based on the lower titers of MnP (Fig. 3a) . However, mineralization proceeded at a high rate beyond day 12, when virtually no mineralization of oxalate takes place in cultures in standard medium. This oxidation profile for low-nitrogen cultures is in reasonable agreement with the MnP and oxalate concentration levels detected. In low-nitrogen cultures, the concentrations of glyoxylate are considerably lower than those in standard cultures, although the highest levels occur at approximately the same time. Why glyoxylate concentration profiles differ from oxalate concentration profiles in both lownitrogen and standard media is not known. An answer will require, at least in part, an understanding of the metabolic pathways leading to the production of these metabolites in C. subvermispora.
Oxidation of carboxylic acids by peroxidases in the presence of Mn(II) was described several decades ago (16) . This finding was confirmed later with a wide variety of substrates (40 (20, 35) .
In our scheme, we propose that trace amounts of Mn(III) can be amplified by the action of MnP in the presence of organic acids and oxygen (Fig. 6 ). The initiating Mn(III) can be produced by MnP by using hydrogen peroxide as an oxidant, and this peroxide might originate from the mycelium. Alternatively, slow autoxidation of an extracellular fungal metabolite may spark the initial formation of peroxide. In early cultures, the Mn(III) generated should oxidize glyoxylate since it appears earlier than oxalate (Fig. 2) and is more reactive (Fig.  4) . MnP oxidized by the peroxide generated in this reaction should give rise to more Mn(III), which could react with oxalate as its concentration increases in the cultures, thus producing an amplifying effect. Alternatively, Mn(III) could react directly with lignin, if present, or with any glyoxylate still remaining in the medium. We do not expect that this model represents the only source of extracellular hydrogen peroxide in this fungus nor that it is unique to C. subvermispora. Indeed, Guillén et al. (12) have recently proposed that quinone redox cycling in Pleurotus eryngii leads to the production of an extracellular superoxide anion radical, a system that may also operate in other fungi, including C. subvermispora. Moreover, fungi with GLOX (e.g., Phanerochaete chrysosporium) may also exhibit the reactions shown in Fig. 6 because all of the components necessary appear to be present; glyoxal is produced in Phanerochaete chrysosporium cultures (18) , and glyoxylate and oxalate are reaction products formed from glyoxal with GLOX (14) . The relative contributions of multiple sources of peroxide in culture are difficult to measure, especially if the processes are metabolically connected and interdependent.
